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A B S T R A C T
The relatively high spatial resolution, short revisit time and red-edge spectral band (705 nm) of the ESA Sentinel-
2 Multi Spectral Imager makes this sensor attractive for monitoring water quality of coastal and inland waters.
Reliable atmospheric correction is essential to support routine retrieval of optically active substance con-
centration from water-leaving reflectance. In this study, six publicly available atmospheric correction algorithms
(Acolite, C2RCC, iCOR, l2gen, Polymer and Sen2Cor) are evaluated against above-water optical in situ mea-
surements, within a robust methodology, in two optically diverse coastal regions (Baltic Sea, Western Channel)
and from 13 inland waterbodies from 5 European countries with a range of optical properties. The total number
of match-ups identified for each algorithm ranged from 1059 to 1668 with 521 match-ups common to all al-
gorithms. These in situ and MSI match-ups were used to generate statistics describing the performance of each
algorithm for each respective region and a combined dataset. All ACs tested showed high uncertainties, in many
cases> 100% in the red and> 1000% in the near-infra red bands. Polymer and C2RCC achieved the lowest root
mean square diﬀerences (~0.0016 sr−1) and mean absolute diﬀerences (~40–60% in blue/green bands) across
the diﬀerent datasets. Retrieval of blue-green and NIR-red band ratios indicate that further work on AC algo-
rithms is required to reproduce the spectral shape in the red and NIR bands needed to accurately retrieve the
chlorophyll-a concentration in turbid waters.
1. Introduction
The first of a series of Multi-Spectral Imager (MSI) instruments was
launched in June 2015 by the European Space Agency (ESA) on board
Sentinel-2A. MSI oﬀers high resolution images (10–60m) with repeat
coverage of 10 days at the equator – reducing to 5 days with the in-
clusion of Sentinel-2B. Primarily designed as a land monitoring com-
ponent of the Copernicus programme, MSI also records over coastal
marine regions and can be considered an asset in water quality mon-
itoring of inshore regions and inland water bodies that are not ob-
servable by current ocean colour sensors such as OLCI and MODIS.
The MSI optical waveband configuration resembles previous land-
monitoring satellites such as NASA/USGS Landsat 7 and 8. These sen-
sors have demonstrated use cases for water remote sensing applications
(e.g. Doña et al. (2015), Khattab and Merkel (2014), Vanhellemont and
Ruddick (2015), Pahlevan et al. (2017b), Bresciani et al. (2018)). The
most recent Operational Land Imager on Landsat 8 has nine bands in
the visible, near infra-red and short-wave infra-red at pixel resolution of
30m. The MSI has 13 bands that cover this region at resolutions of 10,
20 and 60m, including a band at 705 nm to pick up the so-called ‘red
edge’, important for chlorophyll-a detection in (productive) inland
water bodies (Mittenzwey et al. (1992), Gons et al. (2002)). Combining
the higher spatial resolution, and additional wavebands, MSI is of
considerable value for inland water monitoring.
Typical values of above-water remote sensing reflectance (Rrs) from
water bodies can be in the order of 1% at peak reflectance bands for
CDOM dominated waters (IOCCG, 2010), and much lower in NIR areas
with eﬃcient absorption by water. Therefore it is important to achieve
suﬃcient signal-to-noise ratio to infer optical and biophysical para-
meters of the observed water body from the remote sensor. The
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contribution of atmospheric path radiance in the visible spectrum ex-
ceeds water-leaving radiance by at least 80–90% (Gordon (1978),
Gordon et al. (1985)) and is predominantly due to molecular and
aerosol scattering in the atmosphere, which decreases with increasing
wavelength. These components of the signal must be removed so that
the remaining signal can be attributed to the surface reflectance of the
water. Additional eﬀects at the water surface, such as whitecaps
(Gordon and Wang (1994), Gordon (1997)), sun-glint (Steinmetz et al.
(2011), Wang and Bailey (2001), Harmel et al. (2018)) and adjacency
from neighbouring land (De Keukelaere et al. (2018), Santer and
Schmechtig (2000), Reinersman and Carder (1995), Richter (1990))
may also be taken into account. These eﬀects result in reflectance in
addition to that of the water column and present challenges for the
atmospheric correction (Moses et al., 2017). To aid improving atmo-
spheric correction routines it is important to validate the current
techniques in a wide range of water bodies and atmospheric conditions.
In situ data collected from hand-held devices and shipborne spec-
trometers may be considered free from atmospheric eﬀects since the
path from sensor to observation surface is negligible. These measure-
ments and subsequent quality control can be automated and therefore
used as a cost-eﬀective validation source for the atmospheric correction
of satellite data (Simis and Olsson (2013), Qin et al. (2017), Groetsch
et al. (2017)). Given the short-term variability and large optical di-
versity found in inland and coastal waterbodies (Spyrakos et al., 2017)
and disparate spatio-temporal scales of in situ and satellite sensors,
validation datasets for remote sensing systems need to be suﬃciently
large to be representative.
In summary, a key limiting factor of space-borne water monitoring
is the atmospheric correction (IOCCG, 2010). If it is of poor quality then
any results derived from water-leaving reflectance are subject to large
uncertainty. Sensor characteristics must also be considered, such as the
suitability of the spectral sensitivity in each band to achieve a suﬃcient
signal-to-noise ratio, and calibration between detectors observing dif-
ferent parts of the sensor swath. Prior validation eﬀorts of atmospheric
correction of MSI have used either a small number of match-ups, few
water bodies or individual atmospheric correction routines, e.g. (De
Keukelaere et al. (2018), Pahlevan et al. (2017a), Dörnhöfer et al.
(2016)). In this study, we combine automated in situ measurements
from two optically contrasting coastal marine systems with hand-held
measurements from a range of inland water bodies with varied water
quality characteristics, where high-frequency time series are scarce. The
aim of this study is to assess the current performance of available at-
mospheric correction routines for optical water quality monitoring
applications with MSI over varied water bodies on a continental scale.
Match-up datasets generated over coastal and inland water are used to
statistically evaluate the atmospheric correction algorithms before
discussing their current ability to retrieve water-leaving reflectance in
coastal and inland water environments.
2. Data
2.1. Study areas
The regions analysed here can be separated into coastal and inland
waters (Fig. 1). For the coastal waters there are two regions under
study: the south west coast of the United Kingdom around Plymouth,
and the Baltic Sea.
The Baltic Sea is a semi-enclosed brackish water body in Northern
Europe spanning the latitudes 55–65° N. Due to low mineral particle
concentrations, the open sea is dark (Berthon and Zibordi (2010), Babin
et al. (2003)), particularly in the blue (eﬃcient light absorption by
CDOM) and red-NIR (absorption by water) parts of the spectrum,
leading to a consistent reflectance peak at green wavelengths during
both phytoplankton bloom and non-bloom periods (Simis et al., 2017).
The CDOM absorption at 440 nm can range from 0.01 to 32.0 gm−3
depending on the area in the Baltic Sea (Kratzer and Moore, 2018).
The Western Channel around Plymouth, UK, (−4.5° E, 50° N to−4°
E, 50.35° N) is a dynamic marine water body influenced by estuaries
and tides. The suspended particulate matter (SPM) and turbidity from
coastal waters is strongly contrasted to the clear oﬀshore regions fed by
oceanic currents resulting in peak reflectance in the blue (for the
clearest waters) and shifting to blue-green wavelengths (with increasing
coastal turbidity). Seasonally the backscatter properties of the water
can vary greatly due to particulate organic matter due to the increase of
phytoplankton in the spring and summer (Martinez-Vicente et al.,
2010).
The inland water bodies consist of lakes within Europe including
from Italy, the Netherlands, Estonia, Spain and Scotland and include a
range of lakes in clear and productive conditions (Fig. 1). Information
on the lakes included is given in Table 3.
The reflectance spectra used in this study thus cover a wide range of
variability in the MSI wavebands. Median spectra generated from the in
situ datasets, together with the Sentinel-2A MSI bands, are shown in
Fig. 2.
2.2. In situ observation data
Baltic Sea above-water reflectance data were obtained from the
Alg@line network through the BONUS FerryScope project. Sets of hy-
perspectral radiance and irradiance sensors (Two TriOS RAMSES ARC
and one ACC per set) were mounted on two ferries that traverse the
Baltic Sea, azimuth controlled for glint avoidance and recording data
every 15 s. The setup and automated quality control of the system is
described in detail in Simis and Olsson (2013) and briefly covered
further below. Subsequent quality control of the reflectance spectra
followed the procedures detailed in Qin et al. (2017) and outlined
further below. The instruments were operational for the 2015 and 2016
spring and summer periods.
For the Western Channel (W Channel) region, shipborne above-
water reflectance observations from RV Quest carrying a set of three
Satlantic HyperSaS instruments on a rotating platform were used, op-
erating in a similar fashion to the Baltic instruments (Martinez-Vicente
et al., 2013). Data were collected autonomously when the ship was at
sea (usually at least once a week). These data used in this analysis have
been made available as supplementary data.
For the inland test sites, the above-water reflectance data have been
acquired by a variety of instruments (Analytical Spectral Devices
Fieldspec, Water Insight WISP-3, TriOS RAMSES) owned, operated and
periodically calibrated by the organisations contributing data. The
measurements include observations from ship-mounted, hand-held and
fixed-position spectro-radiometer systems. In situ data treatment pro-
cedures are described in Section 3.3.
The approximate distance to land for each in situ measurement has
been taken from the Globolakes distance-to-land product (Carrea et al.,
2015), a global map containing the great-circle distance from the
nearest land for each pixel at 300m spacing. The Baltic Sea dataset has
the largest range, up to nearly 60 km, with 50% of observations be-
tween 18.2 and 37.5 km from land, and a median of 26.2 km. The W
Channel dataset is closer to land with a range up to nearly 35 km, the
middle 50% of observations between 1.9 and 14 km from land, and a
median distance of 7.1 km. The inland dataset has a much smaller range
up to 14 km, with the middle 50% of data between 0.2 and 1.2 km and a
median of 0.5 km. Note that the static distance-to-land product does not
necessarily reflect the actual distance to land at a given time (e.g. tidal
eﬀects not taken into account).
It should be noted that these in situ data contain an unknown level
of uncertainty (that is, they are not ‘truth’) associated with the in-
strumentation and calibration, measurement methodology and en-
vironment the instruments were deployed in.
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2.3. Earth observation data
Sentinel-2A data were acquired over Europe, with a 10 day repeat
period measured at the equator. Sentinel-2A MSI data are provided by
ESA processed to level-1C or level-2C. The level-1C data are radio-
metrically calibrated, corrected for viewing geometry and geocorrected
in the Universal Transverse Mercator (UTM) projection (Drusch et al.,
2012). The level-2C standard product is atmospherically corrected
using the Sen2Cor (Main-Knorn et al., 2017) processor, included in the
present comparison. MSI band characteristics are given in Table 1. It is
important to note that the MSI instrument is constructed from 12
diﬀerent detectors on two focal planes (Drusch et al., 2012). Therefore,
unless calibrated correctly, the diﬀerent detectors can give a diﬀerent
response to the same input. This is especially of interest in the region
where neighbouring detectors overlap.
3. Methods
3.1. Atmospheric correction processors
Six atmospheric correction (AC) processors were compared in this
study: C2RCC v1.0 (Brockmann and Doerﬀer, 2016), Polymer v4.6
Fig. 1. Image showing the in situ data observation locations (blue circles) with spectra that passed the quality control procedures: (a) the Baltic region match-ups
within±3 h of a Sentinel-2 overpass; (b) the W Channel within± 3 h of a Sentinel-2 overpass; (c) the inland water match-ups within± 24 h of a Sentinel-2 overpass.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Steinmetz et al., 2011), Sen2Cor v2.4.0 (Main-Knorn et al., 2017),
Acolite v20170718 (Vanhellemont and Ruddick, 2014), iCOR v1.0 (De
Keukelaere et al., 2018) and l2gen version 7.5.1 (Pahlevan et al.,
2017a). It is important to note that these processors are all under active
development, but considered mature and useful to compare as they rely
on diﬀerent principles: Case 2 Regional Coast Colour processor
(C2RCC) is based on a multi-sensor per-pixel artificial neural network
method, built upon previous AC algorithms Case2Regional and Coast-
Colour. Sen2Cor is built upon scene classification and look-up tables
from a radiance transfer model (LibRadtran). Polymer uses a per-pixel
spectral optimisation method relying on two models; one for the at-
mospheric reflectance and one for the water reflectance. It has the
ability to work in sun-glint aﬀected areas. Acolite bundles diﬀerent
aerosol correction methods for turbid water applications of Landsat and
Sentinel-2 data. After Rayleigh correction, the aerosol reflectance is
derived in two bands from the imagery according to the method se-
lected in the settings, and can be fixed or variable over the subscene.
The aerosol reflectance is then extrapolated using an exponential
function to the other bands. The iCOR algorithm is another image-based
correction which attempts to determine the aerosol optical thickness
using the spectral variability of land pixels in the scene. If this fails it
falls back to a Rayleigh correction only (i.e. a default value of aerosol
optical thickness of 0). It requires suitable variation and distribution of
land pixels for best results. The l2gen algorithm uses a bio-optical
model and resolves the correction in an iterative process. Detailed de-
scriptions are provided in the references given above. Four of the pro-
cessors are specifically designed for water AC (C2RCC, Polymer, Aco-
lite, l2gen), whereas iCOR is designed for the case of both land and
inland waters but not open water. Sen2Cor is designed for land with no
water application as part of its specification, but is included here be-
cause it is the default L2A processor. Its methodology requires a good
distribution of land pixels. Results for the respective retrieval perfor-
mance of each processor are therefore presented separately for inland
and coastal datasets. All AC methods apply a correction using the
viewing and solar illumination angles, in some cases together with a
water model such as Park and Ruddick (2005) or radiative transfer
model such as MODTRAN.
3.2. Specific processing steps
Each processor was operated using the default settings, as these
should be the best options for general use without a priori knowledge of
the waterbody or atmospheric conditions, with recommended options
for water correction. The specific options chosen and input data used
are described in Table 2. The l2gen algorithm only processes MSI data
in the ‘new style’ Sentinel-2 file format, that which contains a single
granule only. ESA are currently reprocessing data to convert to this
single granule format. At time of writing 32 scenes used in the study
could not be processed by l2gen (8 in the Baltic dataset, 24 in the inland
dataset) due to only being available in old-style file format that contains
multiple granules.
Prior to running the AC processors an open water mask was pro-
duced for each granule using the Idepix (version 2.2) operator in SNAP
v5.0 Sentinel processing toolbox. Pixels with mask values belonging to
any of the following flags were excluded from further analysis: invalid,
cloud, cloud_ambiguous, cloud_sure, cloud_buﬀer, cloud_shadow, cir-
rus_sure, cirrus_ambiguous, land and vegrisk. If none of these mask flags
were set, the pixel was considered water and included in further ana-
lysis.
If the AC produced remote sensing reflectance (Rrs, units sr−1) then
this option was selected. If fully normalized water-leaving reflectance
was produced (ρw, dimensionless) the output was transformed to Rrs by
dividing by π. Outputs at 60m resolution were used, or resampled to
60m if outputs were higher resolution, for consistency as some algo-
rithms only output at 60m. All pixel flags were propagated through the
resampling procedure to ensure flagged resampled pixels were not used.
3.3. In situ data processing and filtering
As stated in Section 2.2, the in situ data were from multiple sources
and instruments. All data were collected under controlled and narrow
forward looking angles and have been collected oﬀ-nadir using a
nominal viewing zenith angle of 40° and are not corrected for the non-
nadir view. To ensure that in situ Rrs were calculated in the same way
for each contributing data source, they were processed from the mea-
sured irradiance and radiance spectra. Rrs was calculated according to
the model:
=Rrs L L
E
( ) ( ) ( )
( )
t s s
s (1)
With Lt, Ls and Es the spectral water-leaving radiance, sky radiance
and downwelling irradiance, respectively. The term ρs is the fraction of
Ls reflected specularly on the water surface, resolved here using the
procedure given in Simis and Olsson (2013) which is a spectral opti-
misation procedure to minimise the presence of features in Rrs that are
associated with atmospheric absorption. This procedure also removes
samples that do not converge on a solution, making it particularly
suitable to process large volumes of shipborne observations.
Fig. 2. Median spectra derived from the in situ data sets illustrating typical
reflectance for each region. Vertical bars show the corresponding eight
Sentinel-2A MSI bands. Band 8 is not shown as it is not provided as output, by
default, by all the atmospheric correction algorithms. Note bands 1 and 2 partly
overlap and the colour change indicates the overlap area.
Table 1
Sentinel-2A band wavelengths and resolutions. λ denotes the central wavelength, B the bandwidth, Res the pixel resolution, SNR the signal-to-noise ratio at the
reference radiance Lref, and SNR60 the estimated SNR at 60m pixels (SNR increased with the square root of the observed area).
Band 1 2 3 4 5 6 7 8 8a 9 10 11 12
λ (nm) 443 496 560 665 704 740 783 835 865 945 1374 1614 2202
B (nm) 27 98 45 38 19 18 28 145 33 26 75 143 242
Res. (m) 60 10 10 10 20 20 20 10 20 60 60 20 20
SNR 1347 211 239 222 246 215 224 216 157 222 391 159 167
SNR60 1347 1266 1434 1332 738 645 672 1296 471 222 391 477 501
Lref 129 128 128 108 74.5 68 67 103 52.5 9 6 4 1.5
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Spectra resulting from this procedure may have a spectrally neutral
oﬀset (Qin et al., 2017) which can be problematic in relatively clear
waters where the amplitude of the Rrs spectrum is comparatively low.
Here, the oﬀset was calculated, for all spectra, using the near infra-red
reflectance where the absorption by pure water may be assumed to
dominate the shape of Rrs. The extent to which the shape of the spec-
trum reveals the pure water absorption depends on turbidity (which
amplifies the absorption signal due to particle scattering). Thus, an
elevated signal in the near infra-red should increasingly take the shape
governed by the absorption of pure water. If the signal was elevated but
this shape was absent, the correction became proportionally larger.
However, when the water is turbid, the shape of the NIR spectrum
should be increasingly featured and the correction would be pro-
portionally smaller. Thus the signal due to turbidity is left intact when it
is present. The procedure to calculate ε from the ratio of bands at 779
and 865 nm was:
= R a R
a a
( (865) (865)) (779)
(865) (779)
rs w rs
w w (2)
where aw(λ) is the absorption by pure water at the specified waveband,
obtained from Roettgers et al. (2011).
The processed in situ Rrs spectra were subsequently filtered to re-
move any remaining erroneous or suspicious measurements. The fil-
tering regime was slightly diﬀerent depending on the region and was
performed using characteristics of the spectral shape (Qin et al., 2017)
where the following criteria had to be met for coastal observations:
• Mean Rrs intensity in range (350–400 nm)≥−0.0005 sr−1 such
that spectra are not significantly negative in the ultraviolet range.• Mean Rrs intensity in range (800–900 nm)≥−0.0005 sr−1 such
that spectra are not significantly negative in this part of the near
infra-red range.
• Maximum Rrs intensity < 0.015 sr−1 to remove spectra aﬀected by
white caps or sun glint.• Any peak in range (760–770 nm) < 10% of the maximum in range
(560–600 nm) such that spectra do not show significant eﬀect of the
oxygen absorption peak (possible instrument calibration error).• Peak signal occurs< 600 nm, corresponding to reflectance expected
in relatively clear waters either with (Baltic Sea, green peak) or
without (W Channel, blue-green peak) strong influence of coloured
dissolved organic matter.
In the first two above tests, a small negative reflectance is allowed
because the in situ data contain uncertainties, especially in these low
signal wavebands. Therefore otherwise good spectra can show small
negative reflectance in these regions.
In addition to these spectral shape tests the in situ data were re-
jected if the sun zenith angle < 30° or, for the Baltic region, the
downwelling photon flux of photosynthetically active radiation (PAR)
was< 350 μmol photons m−2 s−1.
For the lake in situ data the above spectral shape filters were not
used due to the larger variability in optically active substances influ-
encing spectral shape. However, these data originated predominantly
from manually operated systems which are more likely to avoid
Table 2
AC processors and options selected.
Acolite C2RCC iCOR l2gen Polymer Sen2Cor
Input data Native MSI Resampled 60m Native MSI Native MSI Native MSI Native MSI
External data Met. (NCEP) and
ozone (AuraOMI) data
Met. (NCEP) and ozone
(AuraOMI) data
Met. (NCEP) and ozone
(AuraOMI) data
SRTM DEM
Output resolution 10m Same as input. 10, 20, 60m 20m 60m 10, 20 60m
Other information SWIR-NIR aerosol
estimation
SIMEC adjacency
correction (Sterckx et al.,
2015)
Applies vicarious calibration
gains (Pahlevan et al.,
2017a)
Chl-a initialised at
10mgm−3 TSM at
1mgm−3
Automatic aerosol type,
mid-latitude and ozone
Table 3
Number of match-ups by processor, after averaging and removing duplicates and invalid match-ups (e.g. cloud aﬀected) as described in Section 3.4. Typical water
type and approximate size of each bounded body is also given.
Water body Typical water type Approximate Surface
Area (km2)
NAcolite NC2RCC NiCOR Nl2gen NPolymer NSen2cor
Baltic Sea CDOM dominated 377,000 784 955 958 530 986 980
W Channel (UK) Turbid+high SPM – 395 461 462 452 452 448
Leven (UK) Turbid eutrophic 14.1 37 37 37 0 37 37
Lomond (UK) Clear CDOM rich 78.2 36 36 36 25 35 34
Vigo Bay (Spain) Dominated by organic material+moderate
suspended sediments and CDOM
– 13 13 13 13 16 13
Garda (Italy) Oligotrophic 368.6 5 5 5 5 5 5
Iseo (Italy) Mesotrophic 62.1 0 0 4 2 4 4
de Grote Plas (Netherlands) Eutrophic 0.20 4 6 9 0 6 0
Westeinderplassen (Netherlands) Eutrophic, but relatively clear 10.6 8 9 16 2 24 0
Markermeer (Netherlands) Highly turbid sediment dominated 716.6 0 0 27 27 32 0
Hoornsemeer & Paterswoldsemeer
(Netherlands)
Eutrophic 2.5 56 52 65 0 65 60
Nord Willems Kanaal (Netherlands) Eutrophic 0.125 1 1 1 0 1 1
Peipus (Estonia) Meso-eutrophic 3578 3 3 3 3 3 3
Korbjarv (Estonia) Eutrophic 0.13 0 1 1 0 1 1
Puhajarv (Estonia) Eutrophic 2.89 0 0 0 0 1 0
Table 4
Number of MSI granules with valid match-ups, after removing duplicates, in the
time windows of± 3 h for W Channel and Baltic Sea datasets and± 24 h for the
inland dataset.
Acolite C2RCC iCOR l2gen Polymer Sen2Cor
W Channel 5 5 5 5 5 5
Baltic Sea 32 31 30 19 30 30
Inland 21 22 29 10 35 18
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